The goal was to investigate whether the diverse glucosinolate (Gl) profiles described for different Arabidopsis thaliana (L.) Heynh. ecotypes are at least partially shaped by the kinetic properties of sulfotransferases (SOTs) catalyzing the final step in Gl core structure biosynthesis. Homologues of AtSOT18 proteins were characterized in this study, which was inspired by earlier findings on SOTs from ecotypes Col-0 and C24 differing in two amino acids (aa) and specific enzyme activities. Could there be a correlation of AtSOT18 enzyme activities and differences in Gl profiles between the ecotypes? SOT18 sequences from eight Arabidopsis ecotypes with highly diverse Gl patterns differed in two aa at various positions in the protein sequence. The SOT18 sequence from Col-0 showed the highest similarity to the largest number of other sequences in the alignment. The small differences in the primary sequence lead to important structural changes in secondary and tertiary structure that might be the key of different kinetic activities towards a broad range of substrates. All recombinant AtSOT18 proteins showed low substrate specificity with an indolic Gl, while the specificity for aliphatic substrates varied. There is no correlation in the kinetic behavior with the major ds-Gl contents or with the ratio of C3/C4 ds-Gl in the respective ecotype. Therefore, is it unlikely that ds-Gl AtSOT18 proteins play a major role in shaping the Gl profile in Arabidopsis.
Introduction
Sulfotransferases (SOTs) (EC 2.8.2.-) catalyze the transfer of a sulfate group from the cosubstrate 3'-phosphoadenosine 5'-phosphosulfate (PAPS) to a hydroxyl group of suitable sulfate acceptors among them desulfo-Gl (ds-Gl) with parallel formation of 3'phosphoadenosine 5'-phosphate. All SOT sequences are characterized by a conserved SOT domain (PF00685). Members of the multi-protein family can be found in almost all organisms except in Archaea. In Arabidopsis thaliana (L.) Heynh. ecotype Col-0 18 sequences containing a SOT domain have been identified and classified into subgroups [1] . Later three more SOT sequences containing a less conserved SOT domain were added to the SOT family [2] . For many of the SOT proteins in plants the respective substrate it not known yet (for an overview see [2] ). One subgroup consisting of three cytosolic SOT proteins from Arabidopsis (AtSOT) catalyzes the transfer of a sulfate group to ds-Gl (AtSOT16 to 18) . Their expression pattern in various conditions in the plant is almost identical. Therefore we assume that they take over different functions within the cell based on their different kinetic affinities to various ds-Gl substrates in vitro [3] [4] [5] [6] .
Gl are a group of over 130 nitrogen-and sulfur-containing natural products found in vegetative and reproductive tissues of 16 plant families. Gl share a core structure containing a β-D-glucopyranose residue linked via a sulfur atom to a (Z)-N-hydroxyimino sulfate ester, and are distinguished from each other by a variable R group derived from one of several amino acids (aa), mainly tryptophan, phenylalanine, and methionine. The Gl pattern of Arabidopsis varies within the plant as well as among Arabidopsis ecotypes. Significant differences could be detected in both quality and quantity of Gl [7, 8] . In 39 Arabidopsis ecotypes 34 different Gl have been identified so far [9] . Gl are involved in defense against herbivores and maybe also pathogens [10, 11] . Some of the breakdown products of several Gl are supposed to act anti-cancerogen, whereas others cause goiter formation. Therefore the interest in analyzing the Gl pattern in plants, the regulation of their biosynthesis and the manipulation is also high from an applied point of view [12] .
Gl biosynthesis can be divided into three stages: 1) precursor aa, such as methionine, is elongated by one or several methylene groups, 2) precursor aa is converted into parent Gl (here defined as Gl without secondary modifications of the side chains), 3) finally, parent Gl can be secondarily modified. The last step in the biosynthesis of parent Gl is catalyzed by ds-Gl SOTs. The Gl occurring in Arabidopsis are synthesized from methionine and tryptophan [13, 14] . Primary sulfur assimilation is closely connected to the so called secondary metabolism of plants because the intermediate adenosyl-5-phospho-sulfate (APS) is part of the cysteine biosynthetic pathway and of the PAPS biosynthetic pathway. In Arabidopsis APS kinase mutants the Gl pattern was drastically changed [15, 16] .
This study is inspired by the fact that AtSOT18 proteins from two ecotypes C24 and Col-0 differing in two aa cause a five times difference in the apparent V max and changes in the substrate affinity of the respective recombinant proteins [17] . The goal was to investigate whether the diverse Gl profiles described for different Arabidopsis ecotypes are at least partially influenced by the kinetic properties of the AtSOT catalyzing the final step in ds-Gl core structure biosynthesis. We wanted to know whether AtSOT18 proteins from more Arabidopsis ecotypes also show sequence deviations of two or even more aa in comparison to the Col-0 sequence. If there is variation in the sequences among ecotypes do the aa variations occur at the same position within the sequence? This would indicate an evolutionary pressure towards these aa. Does the sequence variation result in a modified affinity of the respective recombinant proteins towards ds-Gl? If one can observe a different kinetic behavior is there any correlation with the major ds-Gl contents or with the ratio of C 3/ C 4 ds-Gl in the respective ecotype?
Results

AtSOT18 sequence analysis of different ecotypes
In the past we could demonstrate that the comparison of specific activities of two AtSOT18 proteins from different ecotypes, namely from ecotype C24 and Col-0, differed significantly although both protein sequences differ only in two aa [5] . Therefore we decided to analyze AtSOT18 sequences from more ecotypes to investigate whether this observation was an exception or normality and could explain differences in the Gl patterns. Based on a large data set analyzing the Gl composition and contents in 39 Arabidopsis ecotypes and revealing 34 different Gl [9] , ecotypes revealing extreme amplitudes were selected for AtSOT18 sequence analysis (Table 1 ). Originally, it was planned to analyze 10 different ecotypes, two from our stock at the LUH and eight from the Nottingham Arabidopsis Stock Centre (NASC, Norwich, UK). However, the seeds obtained did not germinate although many conditions were tried.
Finally, the NASC conducted germination experiments and confirmed the low germination rates ( Table 2 ). Due to time limitation and due to the fact that several other ecotypes show a similar broad range in the Gl composition additional ecotypes were ordered and germinated to a higher percentage (Table 2) .
Finally, the AtSOT18 sequences from eight different ecotypes were analyzed in detail. Two of them, C24 and Col-0, and intermediate mutants (C24G 301 D and C24N 339 K) have been already partially characterized [4, 6, 17] . When the intronless AtSOT18 sequences from the two ecotypes originally chosen for analysis, C24 and Col-0, are compared with the newly analyzed ecotypes, the Col-0 shows the highest similarity to the largest number of other AtSOT18 sequences in the alignment and constitutes therefore a kind of a consensus sequence ( Fig. S1 ). The AtSOT18 sequences from Pi-0 and Sorbo are identical to Col-0. Also when sequences are randomly selected from a larger data set, for this study genomes from 19
Arabidopsis thaliana ecotypes have been sequenced (http://mus.well.ox.ac.uk/19genomes/, 28.11.2011) , the Col-0 sequence also constitutes a consensus sequence (data not shown).
AtSOT18 sequences from Bla-10, Cvi-0, and Ws differed in one aa and sequences from the ecotypes Ler-1 and C24 differed in two aa from Col-0 ( Fig. 1, Fig. S1 ). However, the aa position and the aa replacements are different in each sequence (Fig. 2) . Some of the replacements are within one of the regions I to IV as Bla-10 and Ler-1, others are between the regions as in Ws, Ler-1, C24 and Cvi-0. The physico-chemical properties of the replaced aa in comparison to the Col-0 AtSOT18 sequence show a broad variety (Fig. 2 ). In the AtSOT18 sequence from ecotype Ws for example the acidic anionic glutamic acid in position 31 is replaced by the basic, cationic lysine residue and in Bla-10 the aromatic uncharged aa tyrosine 231 is replaced by the basic, cationic histidine residue. Also the physico-chemical differences among the replaced aa in Col-0 and the C24 sequences are large and therefore also in the intermediate mutants, C24G 301 D and C24N 339 K. These divergent replacements might have impact on the overall structure and the catalytic activity of the AtSOT18 proteins from different ecotypes.
The AtSOT16 and AtSOT17 sequences have been also isolated from the same ecotypes as AtSOT18. Again the Col-0 sequence has the highest similarity to most of the sequences in the alignment. The AtSOT16 and 17 from C24 differ in two aa from Col-0 AtSOT16 and 17, respectively, Ler-1 AtSOT16 in two aa and Bla-10 AtSOT17 in one aa ( Fig. S2A and S2B ).
All other investigated ecotypes (Cvi-0, Pi-0, Sorbo, Ws) and the ten randomly chosen ecotypes from the databases possess the SOT18 sequences identical to SOT18 from Col-0.
Impact of amino acid replacements on the secondary structure
Therefore the secondary structure was analyzed experimentally and by using prediction programs. Circular dichroism (CD) relies on the differential absorption of left and right circularly polarised radiation by chromophores which either possess intrinsic chirality themselves or are placed in chiral environments. Proteins contain a number of chromophores which can give rise to CD signals. In the far UV region (180 to 240 nm) the absorbing band is principally the peptide bond. Far UV CD analysis can be used to quantitatively assess the overall secondary structure content of the protein because the different forms of regular secondary structure found in proteins generate different spectra [18] . The spectra of AtSOT18 proteins from C24, C24G 301 D, and Col-0 obtained by CD spectroscopy are very similar ( Fig.   3A ). However, when deconvolution analyses were carried out as shown in the histogram (Fig.   3B ) the results reveal that the exchange of two aa among AtSOT18 from Col-0 and C24 has effects on the composition of the secondary structure of both proteins. The percentage of antiparallel β-sheets is low in C24 in comparison to Col-0. The replacements of one of the two different aa, from glycine to asparagine, in neighbourhood to region IV has an impact on the experimentally determined secondary structure: The low amount of anti-parallel sheets in C24 increased from 10% to about 25% in the mutant C24G 301 D which is very close to the value in Col-0 (23%) (Fig. 3B ). These results are in agreement with the enzyme activity measurements where C24G 301 D and Col-0 show almost the same apparent V max activities with ds-benzyl Gl as substrate (440 and 420 pkatal mg -1 protein in C24G 301 D and Col-0, respectively, versus 15 pkatal mg -1 protein in C24, data from [6] ).
The bioinformatic prediction of the secondary structure was done by PredictProtein (Table 3) and Domain Annotation (data not shown). Both prediction programs revealed similar results.
In summary, the overall content of α-helices amounts to about 33%, of β-sheets to about 9% and the coil structure to about 58% in proteins from all ecotypes including the mutants. The algorithm in Domain Annotation calculates the amount of α-helices to about 40%, of β-sheets 12% and of coils to 48% (data not shown). The analysis of changes in the number of secondary structure elements in comparison to Col-0 shows that there are major differences among the AtSOT18 proteins from different ecotypes, varying between 11 (Bla-10) and 20 (Cvi-0) indicating that the exchange of one aa has already a large impact on the secondary pattern in SOT proteins. The prediction of the three-dimensional structure for all ecotypes and mutants analyzed using Swiss-Model with the deposited structure 1Q44 (AtSOT12) as template demonstrates that all replacements of aa in comparison to Col-0 are localized close to the surface of the protein molecule (data not shown).
Determination of enzyme activities and substrate specificities
Each recombinant protein was purified four to six times and the average protein concentration varied between 6.64 ± 1.28 g L -1 (Bla-10) and 1.16 ± 0.26 g L -1 (Ws) of expressed protein concentration per bacterial culture. After purification independent determination of the protein concentration all proteins were diluted to 0.1 µg µL -1 and stored frozen at -70°C. The stability of the protein was tested after several days and weeks and was shown to be stable for several weeks when stored at -70°C (data not shown).
Apart from differences in side chain length, natural variation in Gl profiles among different ecotypes can be mostly attributed to secondary modifications. We assume that SOTs convert only ds-Gl with unmodified side chains as described in [17] . Therefore these modifications are not relevant in this context and only the following parent Gl were tested as substrates: ds-3-methylthiopropyl Gl (ds-3MTP, glucoiberverin), ds-4-methylthiobutyl Gl (ds-4MTB, glucoerucin), ds-5-methylthiopentyl Gl (ds-5MTP, glucoberteroin), ds-7-methylthioheptyl Gl (ds-7MTH), ds-8-methylthiooctyl Gl (ds-8MTO), ds-indole-3-ylmethyl Gl (I3M, glucobrassicin).
The ds-substrates and the sulfated products can be separated by HPLC and detected using a UV detector at 229 nm. Based on the protocols for the enzyme assays already developed [6] the HPLC conditions were optimized with respect to the run time and resolution. Then the linear range for the determination of apparent V max was determined for each protein with each substrate. To analyze the kinetic parameters the apparent V max and K m values were determined using the aliphatic C 3 ds-Gl ds-3MTP and C 4 ds-4MTB as substrates ( Table 4 ). The differences in the apparent V max of the ecotypes for ds-3MTP were between 99 pkatal mg -1 protein and 6933 pkatal mg -1 protein and for ds-4MTB between 131 pkatal mg -1 protein and 4783 pkatal mg -1 protein. The apparent K m for ds-3MTP were between 55 µM and 100 µM and between 55 µM and 100 µM for ds-4MTB. Bla-10 showed the highest apparent V max with the C3 4 ds-3MTP and Ler-1 the highest apparent V max with the C 4 ds-4MTB. Col-0 had the highest affinity for ds-3MTP and ds-4MTB in comparison to the other ecotypes, C24 the lowest.
Also AtSOT16 from both ecotypes Col-0 and C24 was expressed and purified. Both proteins showed the highest activity with ds-I3M. The activity of AtSOT16 from Col-0 is approximately two times higher compared to AtSOT16 from C24 (2870 pkatal mg -1 protein and 1103 pkatal mg -1 protein). Measurements with the short aliphatic ds-3MTP revealed lower activities (about 50 pkatal mg -1 protein), as did measurements with the long aliphatic ds-8MTO (between 136 and 210 pkatal mg -1 protein). Regarding the aliphatic ds-Gls, the activity seems to depend on the chain length. Activity with short ds-Gls is higher than that with long chain ds-Gls. In principle, proteins of both ecotypes C24 and Col-0 showed the same behaviour with the exception of the two-fold higher value for the indolic ds-I3M (data not shown).
Comparison of the apparent V max determined with all parent Gl
To obtain an overview about the activity of the recombinant SOT18 proteins from the different ecotypes with all six parent Gl the V max values were determined. We assume that the recombinant proteins from Pi-0 and Sorbo with identical SOT18 sequences as Col-0 have the same kinetic properties as the protein from Col-0. Therefore the recombinant Pi-0 and Sorbo proteins were not included into the analysis. All recombinant proteins showed some enzyme activity with all substrates offered ( Fig. 4 ). However, the enzyme activity with regard to single substrates differed largely, especially between C24 and C24G 301 D. The highest enzyme activity of all genotypes was determined for mutant C24G 301 D with aliphatic Gl. The lowest activity was measured with the indolic substrate ds-I3M, with C24, C24N 339 K and Ws being the lowest. In comparison to the activity of the Col-0 consensus protein the mutant C24G 301 D 9 showed a two to four times increased apparent V max with respect to C 3 ds-3MTP Gl, 2.5 times increased apparent V max for ds-5MTP Gl and a 1.5 times apparent V max to C 8 ds-8MTO. C24 showed with all substrates the lowest activity with the exception. Genotypes Bla-10, Ws, and Ler-1 showed an increasing activity with increasing chain length of the aliphatic ds-Gl. The mutants C24G 301 D and C24N 339 K showed the same specificity pattern but at different activity levels.
Discussion
Polymorphisms in AtSOT sequences from different ecotypes lead to changes on the amino acid level
During our detailed analysis of SOT proteins we found by chance that AtSOT18 proteins from two different ecotypes showed different behavior on the enzymatic level, although they differ only in two out of 350 aa [6] . We hypothesized that ds-Gl SOT proteins isolated from different ecotypes varying in their sequence have different substrate affinities for parent Gl and influence therefore, in addition to other enzyme activities and regulation, the complete Gl profile of the respective ecotype. Therefore, we decided to investigate this phenomenon in more detail for AtSOT18, including enzyme kinetics, whereas for AtSOT16 and 17 only sequences from different ecotypes have been analyzed. The sequence analysis of six further Table 1) . Therefore the evolutionary pressure, if there is any, cannot be instantaneously deduced from the environmental conditions.
Variation in one or two amino acids cause major structural changes in the protein molecules
The varying aa in the ecotypes analyzed in this study are distributed over the whole sequence length (Fig. 2) . One could assume that they are part of defined binding domains. The structure of SOT proteins in general has been analyzed and four different regions have been defined for either substrate (ds-Gl) or co-substrate (PAPS) binding [19] . The pattern KSGTTW in the Nterminus might be responsible for interaction with 5`-phosphate [20] . In all AtSOT18 proteins the pattern KTGTTW was identified probably forming a similar binding. Additional putative PAPS binding sites have been suggested to be localized in AtSOT18 in the following positions: Arginine 177, serine 185, cysteine 282, phenylalanine 284 and in the pattern at the C-terminus RKG [20] . Both patterns, KTGTTW and RKG, are localized in or close by the regions I and IV [21] . However, none of these aa putatively involved in PAPS binding was modified in one of the genotypes investigated. Impact on the enzyme activity could be either assumed directly by the replaced aa being part of the ds-substrate binding sites or the overall changes in protein conformation affect the activity. The secondary structure was analyzed by CD spectroscopy and several prediction methods were applied. Surprisingly, the results of both approaches are quite different. The prediction algorithms indicate only small changes among the composition of secondary structures. Also the comparison of the CD spectra reveals only minor changes. However, deconvolution analysis indicates changes in the secondary structure composition (Fig. 3B ). We also included the secondary structure composition of the most closely related protein with a resolved three-dimensional structure which has been also used for homology modeling: the AtSOT12 has even a higher α-helix content of 47% α-helices and 9% β-sheets almost in agreement with the prediction (Table 3) . Prediction programs use training sets of solved protein structures; this might explain the high accordance. In conclusion, i) the changes evidenced in the CD analysis should not be taken numerically; ii) changes were confirmed with different aliquots of purified protein; iii) deconvolution by the CDNN program analyzes differently from prediction algorithms considering that the α-helices, β-sheets and coil structures of prediction become α-helices, parallel β-sheets, antiparallel β-sheets, β-turn and coil in CDNN; iiii) maybe the protein suspension used for CD analysis contained some contaminating proteins which might have influenced the measurement disproportionately strong.
Usually the core structure is highly conserved and responsible for the catalytic activity. The PDB model 1Q44 (AtSOT12) used for homology modeling shows a sequence identity to AtSOT18 of 38% which is not enough for reliable modeling. In addition, the threedimensional model we obtained reveals only changes on the surface of the protein molecule.
It may be possible that the residues are responsible for substrate binding. For final conclusions, an x-ray analysis of protein crystals including substrate and (inactive) cosubstrate and elucidation of the structure is necessary to analyze binding and catalytic sites.
Different AtSOT genotypes influence enzyme activity and substrate specificity
The results of the enzyme assays of this study including many genotypes were compared with the Gl pattern in different Arabidopsis ecotypes [9] . Correlation might indicate an influence of AtSOT proteins on the Gl pattern, maybe dependent from the ecological niche of the respective ecotype and might give indications for the evolution of the ds-Gl AtSOT enzymes.
In Table 5 the C 3 and the C 4 Gl contents and their ratios in the leaves of different Arabidopsis ecotypes are summarized. Bla-10, Col-0, Cvi-0, Sorbo and C24 contain mainly C 4 Gl, Ler-1, Pi-0, and Ws contain mainly C 3 Gl. There are only minor differences in the C 7 /C 8 ratios in all ecotypes selected [9] . The ecotypes Col-0, Pi-0 and Sorbo which contain the same AtSOT18 genotype reveal quite different contents of Gl with different chain length (3MTP, 4MTB, 7MTH, and 8MTO) in the leaves. The substrate specificity indicated that AtSOT18 genotypes Bla-10 and Ler-1 prefer long-chain substrates. On the other hand the Gl spectrum of both ecotypes shows rather high contents of short-chain Gl 3MTP (Ler-1 9.24 µmol g DW -1 ) and 4MTB (Bla-10 9.91 µmol g DW -1 ) whereas the long-chain Gl are accepted with high affinity accumulated to maximal 1.53 µmol g DW -1 (Bla-10) and 0.1 µmol g DW -1 (Ler-1). In our analysis only the parent ds-Gl offered as single substrates were investigated. It was found in a competitive enzyme assay for AtSOT17 that ds-7MTH and ds-8MTO were preferred whereas in single substrate tests mainly ds-8MTO was sulfated [17] . The parallel occurrence of many ds-Gl in the cell, parent and derived ds-Gl, might influence the substrate specificities.
The differences in specific in vitro activities may not be biologically meaningful because they could be compensated for by different expression levels in the different ecotypes. So far mainly the expression of SOTs in Col-0 and C24 ecotypes has been analyzed. Only minor differences in the expression of AtSOT16, 17 and 18 could observed ( [6] , own analysis in GENEINVESIGATOR, https://www.genevestigator.com/). Therefore, theoretically some of the homologues compared in this study may not be expressed in leaves at all because all were cloned from genomic DNA. Some AtSOT18 homologues show a preference for substrates with certain chain lengths ( Fig. 4 ). Chain length distribution seems to be primarily determined by the methylthioalkylmalate synthases (MAM) [22] . Also AtSOT16 and 17 contribute to the overall catalytic activity of SOT in the cell and might influence the Gl composition and pattern. The spectrum of Gl was determined in Arabidopsis seeds and leaves at a certain developmental stage [9] . The expression and protein content [6] and maybe also the enzyme activity are under developmental control. The concentration of ds-Gl in the cytosol was not exactly determined so far. The ratio of short-chain ds-Gl might be switched to long-chain ds-Gl and therefore a higher affinity of SOT proteins for long-chain ds-Gl could be explained. However, at least for genotype Col-0 the ratio of short-chain ds-Gl to long-chain ds-Gl was not changed as demonstrated by [8] .
Other factors probably have a strong influence on the Gl pattern, for example the concentration of the co-substrate PAPS. It was shown that in a Col-0 T-DNA knock-out mutant of adenosine 5'-phosphosulfate kinase 2 (APK2), catalyzing the biosynthesis of PAPS from APS, the biosynthesis of 12-hydroxy-jasmonate, a compound also sulfated by SOT proteins, and Gl was reduced up to 12 times [23] . In a biotechnological approach to enable efficient Gl engineering in plants, none of the three AtSOT proteins alleviated the bottleneck of the last step in Gl biosynthesis but that co-expression of APK2 alone reduced an accumulation of ds-Gl precursor and its derivatives by more than 98% and increased Gl accumulation 16-fold [24] .
In APK double knock-out mutants (apk1 apk2) the transcript levels for genes involved in Gl synthesis, such as MAM3, AtSOT17, or C-S-lyase, were increased [23] . However, the steadystate levels of these three mRNAs were significantly increased in AKP lines were bacterial APK was directed to the cytosol, but only MAM3 and AtSOT17 transcripts were elevated in plants with APK directed to the plastids [16] indicating that the abundance of the three AtSOT transcripts is differentially regulated. However, it was also shown that transcriptional profiling of three R2R3 MYB transcription factor knock-out mutants revealed that Gl metabolite levels are uncoupled from the level of transcript accumulation for aliphatic Gl biosynthetic genes.
This uncoupling of chemotypes from biosynthetic transcripts suggests that a modular system in which transcription factors cause similar chemotypes via non-overlapping regulatory patterns [25] .
In summary, AtSOT18 proteins from many Arabidopsis ecotypes show sequence deviations of one or two but not more aa in comparison to the Col-0 sequence. The positions of the aa replacements are different in each sequence. The recombinant proteins show modified ds-Gl, however, there is no correlation in the kinetic behavior with the major ds-Gl contents or with the ratio of C 3/ C 4 ds-Gl in the respective ecotype. Therefore, it is unlikely that ds-Gl SOT proteins play a major role in shaping the Gl profile in Arabidopsis. The different approaches concerning the regulation of concentration and composition of Gl in plants are still not consistent to fully explain or even predict the levels of Gl in different Arabidopsis ecotypes and in different environmental conditions.
Material and Methods
Plant material
The Arabidopsis thaliana (L.) Heynh. ecotypes were selected based on a very high diversity of Gl according to [9] . The seeds of the respective ecotypes were obtained from NASC except for seeds of the ecotypes C24 and Wassilewkija (Ws). The ecotypes ordered are listed in Table 1 . The sterilization of a small amount of Arabidopsis seeds (ca. 10 mg) was carried out by shaking in 1 ml ethanol (70%) for 7 min. Ethanol was replaced by 6% sodium hypochlorite, incubated for 10 min, centrifuged and the supernatant was discarded.
Afterwards five washing steps with sterile H 2 O followed. The seeds were resuspended in sterile H 2 O and plated on MS medium [26] . Seeds were germinated in climatic chambers at 22°C and 12 h light. After generation of roots the seedlings were transferred to VM-uniform soil (Arthur Stangenberg GmbH, Sinntal-Jossa, Germany) and sand in a ratio of 2:1, and grown at 22 to 24°C in the greenhouse until sufficient material for DNA isolation was available.
DNA cloning
The gene At1g74090 (GI 177666948) encoding AtSOT18 in Arabidopsis ecotype C24 and AtSOT18* (At1g74090, GI 30698988) from ecotype Col-0 were cloned as described in [6] and [17] . The production of the mutants used in this study was described in a previous publication [6] . The nomenclature used is given in [1] . The AtSOT18 sequences from the other Arabidopsis ecotypes were amplified in the following way: 0. 
Expression and purification of AtSOT proteins
All AtSOT18 proteins were expressed in E. coli XL1-Blue. A 50 ml overnight culture was used for the inoculation of 200 ml LB medium (bacto tryptone 1% w/v, yeast extract 0.5% w/v, NaCl 1% w/v, pH 7.0 using NaOH). E. coli was grown at 37°C up to an OD 600 of 0.6 followed by induction of the T5-promotor with IPTG and incubation at 30°C for 3 h. The induction was terminated by centrifugation at 4,000 x g and 4°C. Pellets were stored at -20°C before protein extraction. The pellets were dissolved in 6 ml lysis buffer (20 mM sodium phosphate buffer, 0.5 M NaCl, 20 mM imidazole, pH 7.4 using HCl) and lysozyme (1 mg ml -1 ). Lysis itself was carried out by sonification. Afterwards the solution was centrifuged for Protein contents were determined by the method of [27] with bovine serum albumin (Roth, Karlsruhe, Germany) as a protein standard.
Preparation of substrates
The ds forms of the parent Gl derived from methionine and tryptophan were prepared as described by [28] . The following Gl were used in the experiments in their ds forms:
3-methylthiopropyl Gl (3MTP, C08412) from Erysimum pumillum, 4-methylthiobutyl Gl (4MTB, C08409) from Eruca sativa, 5-methylthiopentyl Gl (5MTP, C08401) from Arabidopsis thaliana, 7-methylthioheptyl Gl (7MTH, C17252) from Nasturtium officinale, 8-methylthiooctyl Gl (8MTO, C17254) from Arabis stelleri, indol-3-ylmethyl Gl (I3M, C05837) from Isatis tinctoria. In brackets the KEGG COMPOUND numbers are given (http://www.genome.jp/dbget/) and the structures of all Arabidopsis Gl are also shown in [29] .
Enzyme activity measurements and HPLC analysis
Enzyme activity measurements were done in the following way: The enzyme assays with recombinant proteins were set up as described by [6] . at 37°C, and stopped by incubation at 95°C for 10 min. The formation of the respective sulfated product was analyzed at 229 nm using a UV detector connected to an HPLC system (Knauer, Berlin, Germany) as described [6] . The apparent K m values were determined using the Enzyme Kinetics module in Sigma Plot.
CD measurements
Far UV CD spectra were recorded in 20 mM TRIS/HCl, pH 8.0, 1 mM DTT as described previously [30] at 25°C in a Jasco J-810 spectropolarimeter (Jasco, Great Dunmow, UK) at a scan rate of 5 nm x min -1 , a response of 0.25 s, and a bandwidth of 1 nm and corrected for the buffer baseline. Data were collected at 0.1 nm intervals from 190 to 260 nm. Analyses were performed at a protein concentration of 5 µM. Concentration and different numbers of aa were taken in consideration. At least three accumulations were done for each spectrum.
Bioinformatic analysis
The results of the bidirectional sequencing were assembled by Clone Manager 9 © (Scientific & Educational Software, Cary, USA) using the application "simple sequence assembly" with an overlap score of 200 bp. The sequences of the ecotypes on DNA level were aligned by Clone Manager 9 © using the application "align multiple sequences" (evaluation matrix: Table 5 . Gl in the leaves of different Arabidopsis ecotypes. The data are taken from [9] .
Quantities are given in µmol per g dry weight. C 3 , sum of three carbon aliphatic Gl; C 4 , sum of four carbon aliphatic Gl; C 4 per, C 4 /(C 3 + C 4 ). [34] . 
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